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The degradation of pesticide diuron has been explored by photoelectrocatalysis (PEC) 
under visible light illumination using two different WO3 nanostructures, obtained by 
anodization of tungsten. The highest degradation efficiency (73%) was obtained for 
WO3 nanosheets synthesized in the presence of small amounts of hydrogen peroxide 
(0.05 M). For that nanostructure, the kinetic coefficient for diuron degradation was 
133% higher than that for the other nanostructure (anodized in the presence of fluoride 
anions). These results have been explained by taking into account the different 










Photoelectrocatalysis (PEC) is an advanced oxidation process which has been 
investigated as an efficient method for the removal of recalcitrant organic molecules 
from wastewaters [1-4]. PEC is a multidisciplinary field, involving electrochemistry, 
materials science, solid-state physics and optics [3]. When light of enough energy 
reaches the surface of a semiconductor, electrons from the valence band are excited to 
the conduction band, leaving a positive-charged hole behind, hence creating 
photogenerated charge carriers, i.e., electron-hole pairs (e− – h+). Unlike simple 
photocatalysis (PC), in PEC a small potential is applied to the photocatalyst (n-type 
semiconductor) to minimize the recombination of the photogenerated charge carriers 
(see scheme in Figure 1). This external polarization increases the semiconductor band 
bending and sustains the electric field inside the space-charge region, thus favoring the 
transport of electrons from the semiconductor conduction band to the counter electrode 
and increasing the lifetime of holes [2]. Valence-band holes oxidize the aqueous 
medium to generate hydroxyl radicals, which are extremely oxidant species and can 
react with the recalcitrant organic molecules (R in Figure 1). Additional and more 
complex configurations for PEC cells can be found in the literature [5-8]. 
 
Nanostructured semiconductors are ideal for PEC, since their high surface area 
facilitates the interaction between the semiconductor surface and the electrolyte, 
creating many active sites where photogenerated holes can react with water molecules 
to generate hydroxyl radicals. Besides, charge transfer and light absorption are highly 
enhanced by using nanostructures [3, 9]. Among the semiconductor oxides investigated 
for PEC applications, WO3 nanostructures present interesting properties, such as band 
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gap values around 2.6 eV (λ = 477 nm) that permit the absorption of visible light and 
high chemical and photoelectrochemical resistance in acidic environments [1, 10]. WO3 
photoanodes have been synthesized to degrade organic compounds such us dyes [11-
21], pesticides [22] or drugs and other chemicals [23-27]. 
 
 
Figure 1. Scheme of a photoelectrocatalytic cell. 
 
This work studies the PEC degradation of diuron (Figure 2), a persistent herbicide, by 
using high-performance WO3 nanostructures. Diuron (3-(3,4-dichlorophenyl)-1,1-
dimethylurea) is an inhibitor of photosynthesis broadly used in both crop and non-crop 
areas. It is a substance very toxic to aquatic life and it is suspected of causing cancer and 
damage to organs through prolonged or repeated exposure [28-36]. Diuron is persistent, 
mobile and has been found in surface and groundwater [29, 37-49]. In this work, an 
Eg 
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effective and feasible PEC method for diuron elimination from wastewaters is presented 
for the first time. 
 
Figure 2. Diuron molecule. 
 
2. MATERIALS AND METHODS 
 
Aqueous solutions of diuron were prepared from analytical standard grade diuron 
supplied by Sigma-Aldrich (Pestanal®). Solutions were prepared with distilled water 
and stirring for 24 h in the dark. 
 
WO3 photoanodes were prepared by electrochemical anodization of tungsten rods (8 
mm in diameter) immersed in two different electrolytes: 1.5M H2SO4 + 0.1M NaF and 
1.5M H2SO4 + 0.05M H2O2, both at 50º C. Tungsten rods were covered with a Teflon 
coating to prevent the rest of the surface from contacting the electrolyte (0.5 cm2 of 
surface exposed to the solution). The cell potential difference between the tungsten 
working electrode and a platinum mesh counter electrode was set at 20 V for 4h, and the 
tungsten electrode was continuously rotated at 375 rpm by using a rotating disk 
electrode (RDE), according to a previous work [50]. After anodization, samples were 
annealed in a tubular furnace at 400º C for 4h in an air atmosphere.  
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WO3 nanostructures were morphologically characterized by using a Field Emission 
Scanning Electron Microscopy (FESEM). 
 
PEC performance of the WO3 nanostructures was evaluated by degrading a 20 mg L
-1  
diuron solution with 0.1 M H2SO4 as a supporting electrolyte, under 420 nm light (by 
using a 1000 W Xe light source, 100 mW cm-2 at 420 nm) and applying an external 
potential of 1 V. The acidic supporting electrolyte was used to enhance the 
photoelectrocatalytic performance of nanostructures, according to a previous work [21]. 
The reactor was a quartz glass cell with three electrodes: the WO3 nanostructure was the 
working electrode (0.5 cm2 exposed to the diuron solution), an Ag/AgCl (3M KCl) was 
the reference electrode and a Pt tip was the counter electrode. In total, 14 ml of the 
diuron solution were added to the reactor. Prior to the degradation tests, samples were 
immersed in the diuron solution for 30 minutes at their open circuit potential to achieve 
initial equilibrium conditions. Photocurrent density values were recorded during the 
whole tests. 
 
At regular time intervals of the reaction (every 30 minutes), 4 mL of the diuron solution 
were taken and analyzed immediately by UV-visible spectrophotometry, measuring the 
absorbance between 190 nm and 300 nm. After that, the aliquot was returned to the 
reactor to continue with the process. The extent of the degradation reaction was also 
quantified by measuring the concentration of chloride and nitrate anions resulting from 
the decomposition of the diuron molecule (see Figure 2). This measure was performed 
with a Metrohm 883 Basic IC plus ion chromatograph equipped with a Metrosep A 
Supp 5- (150/4 mm) separation column. The eluent was a carbonate/bicarbonate (3.2/1 
mM) buffer solution at a flow rate of 0.7 mL min-1 and the suppressor was a 0.1 M 
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H2SO4 solution. Under these experimental conditions, retention times for both anions 
were 6 min for Cl- and 10.3 min for NO3
-. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Nanostructures morphology: influence of anodization electrolyte 
The results of the morphological FESEM analysis of the WO3 nanostructures are 
presented in Figure 3. The most characteristic feature of the nanostructure fabricated in 
the NaF electrolyte was the formation of ordered nanoplatelets arranged in 3D globular 
clusters (Figure 3a). The length of these nanoplatelets was determined to be 626 ± 25 
nm, their width 29.2 ± 1.2 nm, and the thickness of the whole nanoplatelet layer 15.5 ± 
1.5 m. When synthesized in the presence of H2O2 (instead of NaF), a morphological 
change in the nanostructures was observed (Figure 3b). In that case, the size of formed 
nanostructures was greatly reduced. Indeed, minuscule nanoplatelets/nanosheets were 
formed, and they no longer aggregated forming spherical clusters, but forming layers 
whose thickness was determined to be 2.1 ± 0.3 m. The reduced dimensions of these 
nanosheets might contribute to increase the electrochemically active area, hence 
resulting in higher electrocatalytic activities of the photoanodes [9]. 
 
The differences in shape and size observed for the two synthesized WO3 nanostructures 
can be explained by taking into account the interaction between tungsten species and the 
complexing agent present in the anodization electrolyte (F- or H2O2). In order to analyze 
the formation mechanism of both nanostructures, current density transients obtained 
during anodization are presented in Figure 3c. Both i vs t curves present common 
features. At the beginning of the process, current densities abruptly decreased due to the 
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formation of a compact WO3 layer as a consequence of substrate oxidation, regardless 
of the used electrolyte. After a short time, current densities started increasing in both 
cases due to the dissolution of the previously formed WO3 layer by the action of F
- and 
H2O2. Soluble complex tungsten species were formed, according to: 
                                        O3HWFnF6HWO 2
n-6
n3 
                                   (1) 
 
                                       O3H2HOWO4H2WO 2
2
112223 


























Figure 3. FESEM images of the WO3 nanostructures synthesized in the 1.5 M H2SO4 + 
0.1 M NaF electrolyte (a) and in the 1.5 M H2SO4 + 0.05 M H2O2 electrolyte (b); 
current density transients obtained during anodization for both WO3 nanostructures (c). 
 





























In both curves, a decrease in current density was also observed after reaching a 
maximum value. This decrease is directly related to the precipitation of soluble complex 
tungsten species formed by reactions (1) and (2) once supersaturation conditions were 
reached near the electrode surface. This process, characteristic of tungsten compounds, 
is known as polycondensation [50, 51] and resulted in the formation of the WO3 
nanostructures shown above (Figure 3a and Figure 3b). Details on the formation 
mechanism briefly summarized above can be found in a previous study [50]. 
 
Nevertheless, there are also visible differences in the curves presented in Figure 3c. 
First, current densities were higher in the NaF electrolyte, which can be explained by 
the higher concentration of fluorides with respect to H2O2 (0.1 M NaF vs 0.05 M H2O2). 
Second, the time at which current density started decreasing (after reaching a maximum 
value) was shorter in the case of the peroxide–containing solution (2400 s) than in the 
F- solution (6400 s) (Figure 3c). Finally, the slope of the region of decreasing current 
densities (precipitation of soluble tungsten species) was higher, in absolute value, for 
the sample fabricated in the NaF solution. Hence, the precipitation of WO3 
nanostructures in the 0.05 M H2O2 electrolyte started at shorter times than in the 0.1 M 
NaF electrolyte, but their rate of formation was slower than in the F-–containing 
solution. These facts may explain the morphological and dimensional differences 
between the two WO3 nanostructures depicted in Figures 3a and 3b, i.e, nanostructures 
fabricated in the presence of F- grew faster than in the presence of H2O2, and hence their 
distribution was less compact (3D growing) and their size was higher than layer-ordered 
nanosheets formed in the peroxide–containing solution. 
 
3.2. Photoelectrocatalytic degradation of diuron 
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Photocurrent densities (iph) were recorded during the whole degradation experiments 
and the mean values obtained every 30 min are presented in Figure 4 for the two WO3 
nanostructures used in this work. Photocurrent densities were always significantly 
higher for the nanostructures synthesized in the 0.05 M H2O2 electrolyte. Photocurrent 
density values obtained in PEC systems have two main contributions: one coming from 
the electrocatalytic process and other arising from the photon absorption process. The 
electrocatalytic process consumes the photogenerated charge carriers and it can become 
the rate-determining step of the PEC process (the charge transfer at the 
semiconductor/electrolyte interface) [9]. Current densities in electrochemistry are 
directly influenced by the real surface active area, since increasing surface area 
enhances the number of electroactive sites; therefore, from iph results in Figure 4, it can 
be said that nanosheets obtained in the presence of hydrogen peroxide had a higher 
electrocatalytic activity than nanoplatelets formed in the F-–containing electrolyte. 
Moreover, in the nanostructure formed in the 0.05 M H2O2 solution, the very small size 
of nanosheets and their distribution forming layers, instead of tree-like globular clusters, 
may result in a reduction of photogenerated holes diffusion path towards the 
semiconductor/electrolyte interface and may also improve electron movement towards 
the metallic back contact. Hence, electron-hole recombination would be reduced for 
nanosheets formed in the peroxide-containing solution and the overall efficiency of the 
















Figure 4. Evolution of photocurrent density (iph) with degradation time for the two WO3 
nanostructures. 
 
It is worth mentioning that iph decreased with irradiation time, especially in the 
nanostructure formed in the 0.05 M H2O2 solution. This decrease in photocurrent 
density has been reported before in the literature for WO3 photoelectrocatalysts. Several 
authors have associated this decrease with the formation of H2O2 due to incomplete 
water oxidation at the photoanode surface, followed by the formation of tungsten 
peroxo-species that are able to partially block the electrochemical active sites [52]. 
Nevertheless, iph values reached eventually a high steady-state value, indicating that 
photoelectrodes were not deactivated. Therefore, the WO3 samples were photostable 
under the experimental degradation conditions. 
 
The extent of the degradation reaction was followed by measuring the UV absorbance 
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standard solutions of diuron. Concentrations ranged from 1 ppm to 20 ppm, and all the 
solutions were prepared with 0.1 M H2SO4. Two intense bands located at 211 nm and 
247 nm can be observed. In general, the band used to monitor the degradation of diuron 
with time is the second one (λ ≈ 247 nm) [53-60]. This band has been assigned to the 
typical π → π* transition of the aromatic ring [60]. The calibration line obtained at 247 













Figure 5. UV absorbance spectra of different solutions of diuron (inset: relationship 
obtained between absorbance A and diuron concentration C at a wavelength of 247 nm). 
 
The evolution of the diuron UV spectra with degradation time is shown in Figure 6 for 
the two WO3 nanostructures used as photoelectrocatalysts in this work. In both cases, 
absorbance values tended to decrease with reaction time, indicating the elimination of 














































247 nm were detected, which may indicate that diuron degradation proceeded through 
the cleavage of the aromatic ring, instead of proceeding via hydroxylation and chlorine 
substitution. For example, Pipi et al. [59], observed the appearance of an intense 
absorbance peak at wavelengths of 300 nm after 4 hours of diuron electrolysis using 
DSA electrodes, which suggested the formation of a byproduct able to absorb radiation 
at higher wavelengths than diuron. Kovács et al. [60] observed a slight red shift upon 
dechlorination of the aromatic ring by gamma radiolysis (from λmax = 248 nm for diuron 
to λmax = 238 nm for the non-chlorinated fenuron). Hence, the reduction of the diuron 
absorbance peaks and the absence of new peaks or shifts in the peak at 247 nm, 
indicated removal of diuron to form simple molecules [59]. 
 
It can also be observed from Figure 6 that absorbance peaks decreased significantly 
slower for the WO3 nanostructure synthesized in the 0.1 M NaF solution (Figure 6a) 
than for the one anodized in the presence of H2O2 (Figure 6b). Comparison between 
C/C0 vs. t plots for both nanostructures is displayed in Figure 7a, where C0 is the initial 
diuron concentration (20 ppm) and C is diuron concentration at time t obtained from 
absorbance (A) values at 247 nm using the relationship shown in the inset of Figure 5. 
According to these results, degradation was more efficient using the WO3 nanosheets 
obtained in the electrolyte with hydrogen peroxide, which is consistent with the higher 
photocurrent densities recorded during the degradation process using that 
photoelectrocatalyst (see Figure 4). Degradation efficiency increased from 42 % for 
nanoplatelets fabricated in the 0.1 M NaF solution to 73 % for nanosheets fabricated in 


























Figure 6. Evolution of the diuron UV spectra with degradation time under visible light 
(420 nm) for the WO3 nanostructures anodized in the presence of 0.1 M NaF (a) and 
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From previous results, and assuming that the PEC degradation of diuron followed 
pseudo first order kinetics, the kinetic coefficient of the reaction can be determined. 
According to this model, a plot of ln (C/C0) vs. t should give a straight line from whose 
slope the pseudo first order kinetic coefficient, k’, can be determined (Figure 7b). These 
results are shown in Table 1 for the two WO3 nanostructures, together with the 
coefficients of determination R2. Values of R2 were very close to unity, which indicates 
the goodness of the linear regression and the validity of the pseudo first order kinetics 
assumption. An increase of 133 % in k’ was obtained by using the WO3 nanosheets 
formed in the peroxide-containing electrolyte. 
 
Table 1. Pseudo first order kinetic coefficient k’ and coefficients of determination R2 for 
diuron degradation using the two WO3 nanostructures. 
Anodization electrolyte k'/h-1 R2 
0.1 M NaF 0.09 0.998 
0.05 M H2O2 0.21 0.996 
 
 
3.3. Ionic chromatography analyses 
 
The concentration of Cl- and NO3
- in the solutions after the 360 min of degradation can 
provide useful information on the extent of diuron mineralization. Table 2 shows the 
measured concentrations (in ppm) of these anions in the treated electrolyte for the two 
WO3 nanostructures, as well as an indication of the % of mineralization (%miner), 
assuming that chlorine atoms present in the diuron molecule were completely 
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transformed to Cl- and nitrogen atoms to NO3
-. Under that hypothesis, the maximum 
concentration of these anions would be CCl- = 6.1 ppm and CNO3- = 10.6 ppm. 
 
According to the results presented in Table 2, the maximum mineralization degree of 
diuron was 50%, using the nanostructure synthesized in the 0.05 M H2O2 electrolyte. 
Notice that these values are all lower than degradation efficiencies shown in Figure 7 
(after 360 min), which indicates that other small molecules were formed from diuron 
degradation, as expected. 
 
Table 2. Measured concentrations (in ppm) of Cl- and NO3
- in the treated diuron 
electrolyte for the two WO3 nanostructures. An estimation of the % of mineralization 
(%miner) is also shown. 
Anodization electrolyte CCl-/ppm %miner (Cl
-) CNO3-/ppm %miner (NO3
-) 
0.1 M NaF 1.9 31.1 2.9 27.3 
0.05 M H2O2 2.9 47.5 5.5 51.9 
 
 
As it has been mentioned above, mineralization yields shown in Table 2 were 
determined supposing a total conversion of Cl → Cl- and N → NO3
-. Yet, the formation 
of these ions may not be complete. For example, once formed, chloride anions can be 
oxidized to form gaseous chlorine. On the other hand, the nitrogen in diuron can also be 
transformed to NH4
+ cations, apart from forming NO3
- [61]. Therefore, values shown in 







Two different WO3 nanostructures were obtained by anodization of tungsten in two 
electrolytes: 1.5 M H2SO4 + 0.1 M NaF and 1.5 M H2SO4 + 0.05 M H2O2. 
Nanoplatelets/nanosheets were obtained in both cases, but the dimensions of the 
nanostructures synthesized in the latter electrolyte were significantly lower due to the 
interactions between tungsten species and hydrogen peroxide.  
 
Photocurrent densities obtained during visible-light diuron degradation were noticeably 
higher for the nanostructures fabricated in the peroxide-containing solution. This result 
arose from the higher electrocatalytic activity (higher surface area) of these nanosheets 
compared with the ones formed in the F-–containing electrolyte. 
 
The evolution of diuron absorbance peaks during degradation time indicated removal of 
the pesticide to form simple molecules, probably through the cleavage of the aromatic 
ring.  
 
Diuron absorbance peaks decreased significantly faster for the WO3 nanostructure 
synthesized in the 0.05 M H2O2 solution than for the one anodized in the presence of F
-, 
which was consistent with the measured photocurrent densities. In fact, the pseudo first 




A degradation efficiency of 73% and a minimum mineralization degree of 50% were 
obtained for the nanostructure synthesized in the 0.05 M H2O2 electrolyte after 360 min 
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